This work evaluates the quality of the sediment in Ria de Aveiro, a coastal lagoon located at N of Portugal that is under strong anthropic influence, and the effects of the contamination on benthic foraminifera. The initial approach for measuring pollution was done through the load pollution index (LPI), based on As, Cd, Cr, Cu, Ni, Pb and Zn concentrations, and determined by total digestion of the sediments (TDS). This information was complemented by conducting a metal fractionation technique (sequential chemical extraction -SCE) in some of the most contaminated samples in order to define the relevance of different metal bearingphases (exchangeable cations adsorbed by clay and co-precipitated with carbonates, absorbed by organic matter and retained in the mineralogical phase) and to evaluate the toxic heavy metal availability. Multivariable statistical analyses were carried out taking into consideration the geochemical results, as well as the biotic (percentage of species/groups of species; foraminifer abundance and diversity) and abiotic variables, such as sediment content in mud, total organic carbon (TOC) and Eh.
Introduction
In the past decades, the degradation of aquatic environments has become a topic of increasing concern among the public. In northern Portugal, the natural features of Ria de Aveiro have been intensely modified, mainly as a result of urbanization and industrial development.
More than 300,000 inhabitants live around the lagoon and its channels. This high concentration of people in such a small area has brought up several environmental problems and contributed to the degradation of the lagoon's water quality. Industrial and agricultural activities are intense, stressing the local resources, and land development is on the rise around Ria de Aveiro. The main vulnerable areas of the lagoon, from a water quality point of view, seem to be the far end of the main channels, where a low dissolved oxygen concentration is observed (Lopes et al., 2005) and where eutrophication can occur (Lopes and Silva, 2006) . These areas are also affected by chemical contaminants related to anthropic actions. In Estarreja Channel, for example, industrial and urban effluents have been discharged, for several years, by the industrial plant north of the village of Estarreja, the so-called 'Complexo Químico de Estarreja' (e.g., Pereira et al., 2009 Pereira et al., , 2006 Pereira et al., , 2005 Pereira et al., , 1998a Pereira et al., , b, 1995 Válega et al., 2008; Coelho et al., 2006 Coelho et al., , 2005 Ramalhosa et al., 2006; Monterroso et al., 2003; Abreu et al., 2000) .
Benthic foraminifera have exceptional utility as bioindicators of coastal contamination. The impact of pollution, mainly by heavy metals and organic matter, on benthic foraminifera has been the goal of an increasing number of research lines (e.g., Frontalini et al., 2011; Martins et al., 2010; Carnahan et al., 2009; Romano et al., 2008; Burone et al., 2007 Burone et al., , 2006 Armynot du Châtelet et al., 2003 , Yanko et al., 1999 , 1998 Alve, 1995 Alve, , 1991 . Most of these works evaluate the degree of stress caused by pollutants in foraminifera and are based on the total sedimentary elemental concentration of heavy metals. In general, the bioavailability of pollutants is neglected in most of these works. According to Neff (2002) , bioavailability is the extent to which a chemical can be absorbed or adsorbed by a living organism through active (biological) or passive (physical or chemical) processes.
The main goals of this study are identifying heavy metal contamination patches caused by anthropic activities in the sediments of the Ria de Aveiro channels and evaluating the effects of higher bioavailable concentrations of heavy metals (determined by sequential chemical extractions using ICP-MS) on benthic foraminifera. species were previously considered to be the most heavy metal-tolerant foraminifer species.
This study confirmed the use of benthic foraminifera as an important tool for the evaluation of the environmental quality of an ecosystem and for monitoring and restoring it.
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Resumen
Este trabajo evalúa la calidad de los sedimentos en la Ría de Aveiro, una laguna costera situada en el N de Portugal, bajo la influencia antrópica fuerte, y los efectos de la contaminación en los foraminíferos bentónicos. El planteamiento inicial para la medición de la contaminación se realiza a través del índice de carga de contaminación (LPI) con base en concentraciones de As, Cd, Cr, Cu, Ni, Pb y Zn, determinadas por la digestión total de los sedimentos (TDS). Esta información se complementó con una técnica de fraccionamiento de metal (extracción química secuencial -SCE) en algunas de las muestras más contaminadas, con el fin de definir la relevancia de los distintos metales y de las fases (cationes intercambiables adsorbidos por la arcilla y el precipitado con carbonatos, absorbida por materia orgánica y retenido en la fase mineralógica) y para evaluar la disponibilidad de metales pesados tóxicos. Multivariado análisis estadísticos se llevaron a cabo teniendo en cuenta los resultados geoquímicos y también las variables bióticas (porcentaje de especies/grupos de especies, abundancia de foraminíferos y la diversidad) y otras variables abióticas, como el contenido de los sedimentos en barro, el carbono orgánico total (COT) y el Eh .
Los resultados de SCE muestran que la mayor parte de las concentraciones de los elementos en los sedimentos se retiene en la fase mineralógica resistente. Sin embargo biodisponibilidad superior de algunos elementos tóxicos, tales como As, Cd, Cu, Hg, Ni, Pb y Zn, que se encuentra en lo Largo do Laranjo, en la ciudad de Aveiro, en el puertos de Aveiro and en el Canal de Espinheiro, tienen un impacto negativo genérico en el foraminíferos bentónicos de la laguna de Aveiro. Sin embargo, la sensibilidad diferencial de los foraminíferos bentónicos a altas concentraciones de metales pesados puede existir. Quinqueloculina seminulum, por ejemplo, parece ser más tolerante a las altas concentraciones biodisponibles de Pb y Cu, de que Ammonia tepida o Haynesina germanica. Antes se consideraban que ambas especies eran los foraminíferos más tolerantes a la contaminación por metales pesados.
Este estudio confirmó el uso de los foraminíferos bentónicos como una importante herramienta para la evaluación de la calidad ambiental de los ecosistemas y también para el seguimiento y la restauración.
behind water circulation in the Aveiro lagoon. Tides are semidiurnal and are present in the entire lagoon. The tidal current velocities near the entrance can be higher than 2 m/s (Vaz and Dias, 2008; Dias et al., 2000) , but they are weak in many of the innermost small canals and mudflats. Winds affect both the hydro-dynamical regime and the mixing processes in the lagoon by generating surface shear stress and waves . The lagoon receives freshwater supplied by several rivers and riverine bodies. The main rivers are the Vouga (~50 m 3 /s average discharge) and the Antuã (~5 m 3 /s) (Moreira et al., 1993) . The river influence is higher in the upper and inner parts of the lagoon (Vaz and Dias, 2008) .
Materials and methods

Sampling and sample preparation
A total of 215 grab-samples collected in 2006/07 in the Ria de Aveiro channels using a boat (ZOE I) were analyzed for grain size, heavy metals and microfauna (benthic foraminifera). During the sampling campaigns, the depth was measured with the boat's sonar and the sites were located with GPS. The surface sediment samples were collected with an adapted Petit Ponar Grab (opening at both extremities). Only the top ~5 cm of sediment were
Study area
Ria de Aveiro is a lagoon located on the NW coast of the Iberian Peninsula (40°38′N, 8°45′W) and connected with the Atlantic Ocean through a single artificial entrance opened in 1808 (Fig. 1) . This lagoon covers an area of 83 km 2 at high tide (spring tide) and 66 km 2 at low tide . It has a very irregular and complex geometry, comprised of long and narrow channels, with a high longitudinal development organized by successive ramifications from the mouth as an arborescent network system. Ria de Aveiro has four main channels -S. Jacinto/Ovar, Ílhavo, Mira and Espinheiroand is composed of a complex network of branches, bays and narrow channels. The deepest areas of the lagoon are confined to the inlet channel and to small areas close to the lagoon's mouth, at its western boundary, where the depths may reach values in the order of 30 m. Elsewhere, the depths are, in general, no greater than 3 m, and most frequently close to 1 m, namely at the upper lagoonal area .
According to Dias et al. (1999) , the lagoon hydrographical regime is characterized by several periodic timescales, the most important of which are the tidal period (semi-diurnal) and one half of the lunar month (spring-neap cycle). Tidal currents are the main force retained for analysis. Sediment splits were taken at each site for textural, geochemical and microfaunal (benthic foraminifera) analyses. The sediments sampled for geochemical analysis were immediately frozen on board. The samples collected for foraminifera studies were stored in buffered ethanol stained with Rose Bengal (2 g of Rose Bengal in 1,000 ml of alcohol). Rose Bengal was used to differentiate between living and dead foraminifera (e.g., Murray, 1991) .
Methods
Field parameters
Some environmental parameters, such as temperature, salinity/conductivity, pH and Eh, were measured in bottom water and sediment. Once in the laboratory, the sediment samples for textural and geochemical analysis were dried to constant weight in an oven for about 72 h, at 45ºC, and stored for subsequent analysis.
Grain Size Analysis
For the grain size analysis, the dried sediment samples were homogenized and a portion of about 150-250 g was analyzed. The fine fraction was separated from the sand fraction by wet sieving using a 63 mm screen. The sediment fraction coarser than 63 µm was dry sieved through a battery of sieves spaced at 1 phi (ø) unit.
Chemical Analysis
For the geochemical analysis, a split of the sediment fraction finer than 2,000 µm of each sample was milled. The concentrations of 41 chemical elements were determined at ACME Analytical Laboratories, Canada. The analysis was done by ICP-MS analysis after the total digestion of sediment (TDS) with acid (HClO 4 -HNO 3 -HCl-HF). Concentrations of Al, Fe, P, Zn, Pb, Cr, Cu, As, Ni and Cd were analysed in this work.
Additionally, 17 samples (Laranjo Bay -Lar1, Lar3, Lar5, Lar6; Aveiro Town -C14; Espinheiro Channel -CC3, CC5, CC6, CC17; Ílhavo Channel -CI5, CI10; lagoon mouth -EM 22; Aveiro Harbours -Lota1, Lota3, CCom1 and CCom2) were chosen in different lagoonal areas for their high heavy metal concentration and submitted to sequential chemical extractions (SCE) in order to assess the element concentration retained by a specific sediment phase or range of phases. SCE were performed using the following procedure:
Step 1 -1.0 g of sample was leached with 10 ml of ammonium-acetate-EDTA solution (pH 4.65) for 1 h, followed by analysis by ICP-MS (exchangeable cations adsorbed by clay and elements coprecipitated with carbonates);
Step 2 -the residue was leached with 10 ml of 0.1 M sodium pyrophosphate (Na-3 P 3 O 7 ) for 1 h (adsorbed by organic matter -humic and fulvic compounds). The element concentrations in the other phases were calculated as the difference between the total concentration and the sum of the two steps (1 and 2).
Total organic carbon (TOC) was determined in a portion of bulk sediment from each sample. Samples were dried at 105 ºC for 8 h. About 5 g of dry sediment were submitted to loss-on-ignition (LOI) at 450 ºC for 8 h (Oliver et al., 2001) . TOC values are reported as percentages of dry weight.
Foraminiferal studies
The samples were washed over a sieve of 63 μm mesh. As foraminifera are rare in the dry sediment fraction >500 μm, in the studied area, the sediments fraction 63-500 mm was used to determine the abundance of benthic foraminifera, expressing the number of tests per gram of dry bulk sediment, and also to study the composition of living assemblages. Foraminiferal tests having rose Bengal stained interiors and containing protoplasm were considered living at the time of the collection (e.g. Horton et al., 1999; Murray and Alve, 1999) . For the study of benthic foraminifer's assemblages, samples were split until it was ideally possible to obtain 300 living specimens. In samples with low number of foraminifera the minimum number of 100 living specimens was used in statistical analysis (Fatela and Taborda, 2002) . The number of species per sample (S) and Shannon-index (H) values Shannon (1948) ; H = −Σpi.ln(pi), where pi is the proportion of each species] were employed to identify changes in the diversity of species. Equitability (E) [E= ln(S); S is the number of species per sample] was also analysed. The proportion of living organisms considering the total assemblage also was determined.
Data Analysis
The load pollution index (LPI) defined by Tomlinson et al. (1980) was used in order to estimate the overall pollution level of the samples. This index is based on concentrations determined by TDS through the equation:
where EF is the enrichment factor defined as EF = C n /B n ; C n represents the measured concentration of the metal n and B n is the background concentration of the metal n; x is the number of metals considered. The x value in this study is 7 and it includes the elements As, Cd, Cr, Cu, Ni, Pb and Zn. Since the background values of these met-als in the Ria de Aveiro channels are yet unknown, the average of the total concentration of these elements in 87 sediment samples, selected among the results of 215 samples collected in the studied area for their lower concentrations, were used as a reference.
Samples with a low number of living foraminifers were not used in statistical analysis relating biotic and abiotic data. Thus, only a set of 86 samples is being analyzed in this study by multivariable statistical methods, comparing grain size, geochemical characteristics, redox potential and benthic foraminifera living assemblages. Canonical analysis was carried out with the MVSP 3.1@ software package. Principal component analysis was performed using Statistical@ package 7.
In order to eliminate the influence of particle size, the ratio of toxic elements with Al (associated mostly with clay minerals) was determined (As/Al, Cd/Al, Cr/Al, Cu/ Al, Ni/Al, Pb/Al and Zn/Al). Although Fe and Al are not considered toxic elements, high concentrations of these chemical elements can also be markers of anthropogenic activity. Abiotic and biotic data used in canonical analysis were transformed using log 2 .
Results
Sedimentological and geochemical analyses
Sedimentary samples were collected at water depths varying between 0.5-30 m. Water temperatures varied between 15-26ºC and salinity between 6-34. Temperature variability depends on tidal phase and season. Lower salinities were measured in inner lagoonal areas near the fresh water sources. In sediments, Eh values ranged between -12 and -408 mV, and pH between 6.0-9.9. The lower pH values are generally found in the innermost areas of the lagoon. Results analyzed in this work are included in appendix 1. Maximum, minimum and medium values of each variable are presented in this appendix.
Sediment grain size is heterogeneous in the studied area. The sediment content in fine fraction (<63µm) reaches about 98% (Fig. 2) . TOC content in dry sediments ranges between 0.2-12% (Fig. 2) . Coarser sediments with low TOC content are common in the most hydrodynamic and deeper areas of the navigable channels. Finer sediments richer in TOC were found in intertidal and mud flat parts under the influence of lower hydrodynamic conditions. In these areas, lower Eh values were found in general.
Concentrations of Al, As, Cd, Cr, Cu, Fe, Ni, P, Pb and Zn increase significantly in some zones of Ria de Aveiro, such as: Laranjo Bay (Murtosa Channel), Aveiro Town and Aveiro Harbours, where the values for the load pollution index are higher (Fig. 3) .
SCE results show that, in the 17 studied sites, most of the concentration of the major elements, such as Al and Fe, are retained in the resistant mineralogical phase. Lead, Cu, Ni and As concentrations are also included mostly in the resistant mineralogical phase (Fig. 4) . However, relatively high concentrations of Zn and Cd are bioavailable (Fig. 5) , being adsorbed by clay minerals and organic matter and co-precipitated with carbonates.
Total bioavailable concentrations determined by SCE of As, Cd, Cu, Ni, Pb and Zn, all of which are considered toxic elements, are plotted in Fig. 6 . This plot shows that Zn is the toxic element with the highest bioavailable concentration in the area. The bioavailable concentrations of As, Cd, Cu, Ni, Pb and Zn are higher in Laranjo Bay, due to the Chemical Industrial Complex of Estarreja, and in Aveiro City, because of the legacy of past industrial activities, such as ceramics and glass, according to Martins et al. (2010) . In Espinheiro Channel (near Cacia's Industrial area, which houses a pulp mill factory), relatively high bioavailable concentrations of As, Cu, Pb and Zn were found. However, this area was not identified by LPI as a critically contaminated zone.
Benthic foraminifera analysis
About 195 living benthic foraminifer species were recognized in Ria de Aveiro The list of species was included in appendix 1, as well the percentage of the most frequent species.
Benthic foraminifera results showed that only very few specimens have dimensions larger than 500 mm in this area. The living benthic foraminifera abundance (n.º/g) is lower than ≈825 (Fig. 7) . Foraminifera density decreases in gravel sandy and sandy sediments found in areas affected by stronger currents, and in low-salinity waters. Living foraminifera are also rare in calmer zones where the deposition of muddy sediments is continuous, such as in the west side of Mira Channel (near the lagoon entrance) and in hypohaline waters located at inner lagoonal areas connected with the rivers and riverine bodies, where diversity and equitability tend to decrease. The number of species per sample (S) is <28 (Fig. 7) , Shannon index values (H) are <2.85 and equitability (E) values are <1.37. The living foraminifera assemblages are comprised mainly of hyaline carbonated specimens. Most of the lagoon channel assemblages are dominated by Haynesina germanica (<79%), Ammonia tepida (<73%) and Elphidium spp. (<64%; including species such as E. gerthi, E. articulatum, E. excavatum, E. crispum and E. complanatum) . In the sandy sediments of the lagoon entrance under active currents, one can find species such as Lobatula lobatula (<14%; Fig. 8 ), Cibicides ungerianus (<20%), Planorbulina mediterranensis (<39%; Fig. 8 ) and Gavelinopsis praegeri (<5%). In this area, at the bottom of the navigable channels, where currents are strong, "attached" agglutinated species can be found, such as Lepidodeuterammina ochracea (<52%; Fig. 8 ), Tiphotrocha concava (<33%; Fig. 8 ), Remaneica helgolandica (<13%), Septotrochammina gonzalezi (<11%) and Trochammina haynesi (<5%). Cribrostomoides jeffreysi (<5%) and Reophax dentaliniformis (<3%) are also found in areas located near the lagoon entrance, but in zones characterized by calmer hydrodynamic conditions. Bolivinids can be also found there (<66%), represented mostly by Bolivina ordinaria (<62%; Fig. 8 ) and Bolivina pseudoplicata (<13%), Nonionella stella (<18%; Fig.  8 ) and buliminids (<15%; mostly comprised of Bulimina elongata/gibba and Buliminella elegantissima). This group is more abundant in muddy sediments deposited in protected areas (by harbour structures), under lower current velocity. Miliolids with porcelanous tests (represented mostly by Quinqueloculina seminulum; <47%), reach higher proportions, in general, under active currents, especially near the lagoon mouth and in Aveiro city sedimentos, asociadas con cationes intercambiables, adsorbido por los minerales de arcilla (Clay & Carb.) y asociados con la materia orgánica (OM), están representadas con diferentes patrones. Estaciones con concentraciones disponibles más altas: Bahía de Laranjo -Lar1, Lar3, Lar5, Lar6; Ciudad de Aveiro -C14; Canal de Espinheiro -CC3, CC5, CC6, CC17. Otras localidades: Canal de Ílhavo -CI5, CI10; entrada de la laguna -EM22; Puerto de Aveiro -Lota1, Lota3, CCom1 y CCom2. ) de Zn, Cu, Pb, As, Cd y Ni (adsorbido por la arcilla y materia orgánica y co-precipitado con carbonatos) en los sedimentos de los lugares con concentraciones disponibles más altas: Bahía de Laranjo -Lar1, Lar3, Lar5, Lar6; Ciudad de Aveiro -C14; Canal de Espinheiro -CC3, CC5, CC6, CC17. Otras localidades: Canal de Ílhavo -CI5, CI10; entrada de la laguna -EM22; Puerto de Aveiro -Lota1, Lota3, CCom1 y CCom2. En el eje Y se aplicó una escala logarítmica. en el área estudiada. El rango de valores se indica en la figura. Los valores de abundancia de foraminíferos vivos fueron convertidos por Log 2 , con el objetivo de obtener una idea más clara de la representación gráfica. Las dimensiones de las bolas de color gris son proporcionales a los valores de cada sitio.
channels. The proportion of Trochammina inflata (<35%)
and Miliammina fusca (<11%) increases in low-salinity waters of inner lagoonal areas. The minimum relative abundance of all these species is zero, thus the higher values were indicated Figure 9 displays the results of the canonical analysis. This analysis includes values for fine fraction (%), TOC (%), Al concentrations, ratios of As/Al, Cd/Al, Cr/Al, Cu/Al, Fe/Al, Ni/Al, Pb/Al and Zn/Al (geochemical data analyzed by TDS), and percentages of the most abundant living species/groups of benthic foraminifera (considering their percentage and occurrence in order to avoid statistical redundancy), in the area, such as H. germanica, A. tepida, miliolids, agglutinated foraminifera, Elphidium spp. and B. elongata/gibba. Canonical analysis: i) separates fine fraction (Fines), Al concentrations and the values of the ratios As/Al, Cd/Al, Cr/Al, Cu/Al, Fe/Al, Ni/Al, P/Al, Pb/Al and Zn/Al from most of the biological variables. However, H. germanica and A. tepida distribution is explained by the same axis, as well as Elphidium spp., which displays a lower correlation to the other variables; ii) bolivinids and B. elongata/gibba are joined with TOC and Eh (x -1; i.e., negative Eh values); these species are known to be associated with high flux of organic matter and to survive in low oxygenated environments, where the stress caused by predation and competition is reduced (Bernhard and Sen Gupta, 1999) . iii) miliolids and agglutinated species are together with Pb/Al.
Data analysis
Correlations between the distribution of the total bioavailable concentration of As, Cd, Cu, Ni, Pb and Zn, the main species/group of species percentage (A. tepida, H. germanica, bolivinids, buliminids, miliolids, Elphidium spp., agglutinated spp.) and Shannon index values (H), used as an index of diversity, were submitted to principal components analysis (PCA). PCA results considering the first two factors, which explain most of data variability (0.53%), are plotted in Fig. 10 . The first factor is more associated with metal concentration and the second one with foraminifera. Table 1 displays Pearson correlations between these variables.
Discussion
Values for foraminifera abundance, diversity and equitability are in general low in Ria de Aveiro, when compared with some shelf environments (Martins et al., 2006; . Diversity values are typical of estuarine environments (as was described by, for instance, Debenay et al., 2006; Murray, 1991) . One or two species comprise most of the living assemblages in most of the studied sites. These data reveal high environmental stress for foraminifera leading to a prevalence of high species dominance in the area. Several kinds of stressors, including current velocities (described by Vaz and Dias, 2008; Dias et al., 2003 Dias et al., , 2000 Dias et al., , 1999 ) that cause sediment remobiliza-al sites are dominated by A. tepida and H. germanica. Q. seminulum is spread over many lagoonal areas influenced by tides. This species is common in shelf marine and lagoonal hypo to hypersaline waters (Murray, 1991) . In the inner lagoonal areas, located near the freshwater sources, the salinity varies considerably throughout the year. In these areas, agglutinated species increase, including, for instance, Trochammina inflata and M. fusca. These species are characteristic of the low salt marshes in numerous estuaries (e.g. Barbero et al., 2004; Edwards et al., 2004; Ruiz et al., 2004) ; they are able to live in areas with higher erratic values of salinity. Thus, in the study area, salinity has a strong influence on benthic foraminifera assemblage composition and, in hypohaline waters, on their abundance and diversity. Potential redox was used in this work as an indirect measure of oxygenation in the surface sediments (in the first ≈5 cm of the sedimentary column). More negative values of Eh are, in general, related to lower oxic environments. Low oxic conditions are established in finegrained sediments rich in organic carbon due to anaerobic degradation of organic matter and difficult oxygen renovation of pore waters. Most of the species/groups of species analyzed in this work have low correlation with Eh values. Water in Ria de Aveiro is frequently renewed. Tides are semidiurnal, with an average range, at the inlet, of about 2 m, and maximum and minimum ranges of 3.2 m (spring tide) and 0.6 m (neap tide), respectively (Dias et al., 2000) . The tidal prism of the lagoon, for (maximum) spring tide and (minimum) neap tide, is estimated as 136.7 x 10 6 m 3 and 34.9 x 10 6 m 3 , respectively (Lopes tion (Plecha et al., 2010) or high sedimentation (Lopes and Dias, 2007) , salinity variation (Almeida et al., 2005; Vaz et al., 2005) , oxygen depletion (Lopes et al., 2008; Lopes and Silva, 2006) and pollutant accumulation (e.g. Pereira et al., 2005 Pereira et al., , 1998a , may affect benthic foraminifera assemblages in this system. One of the most problematic factors affecting the abundance of foraminifera in Ria de Aveiro is current velocity. In many places of the deepest navigable channels near the lagoon mouth, where the current velocity is too strong (higher than 2m/s, according to Dias, 2008 and Dias et al., 2000) and causes great instability of the substrate, living foraminifers are rare. On the other hand, weak currents allow the deposition of fine-grained sediments in other areas, creating high-sedimentation environments, like at the beginning of the Mira Channel. At this location, the sediment deposition persistently buries the living assemblages, preventing their development. The environmental conditions generated by the hydrodynamism are the main reason why out of a total of 215 sites, only 86 had a sufficient number of foraminifers to characterize the assemblage.
Another limiting factor for the foraminifera of Aveiro lagoon is salinity. Ria de Aveiro is a polyhaline system. Several species found in the studied samples have positive significant correlations with salinity, i.e., they are more common in lagoonal areas under high marine influence, such as: B. elongata /gibba, B. ordinaria, B. pseudoplicata, C. ungerianus, E. gerthi, E. complanatum, G. praegeri Other species are infaunal and can inhabit relatively deep levels of the sediments (e.g., at depths >4 cm below the surface, according to Rathburn and Corliss, 1994) , such as M. fusca, Jadammina macrescens, A. mexicana and Haplophragmoides wilberti. Intermediate to deep infaunal species (according to the terminology of Rathburn and Corliss, 1994) can be affected by low oxygen levels. Therefore, individuals can migrate through the sedimentary column and occupy aerated habitats on surface sediments, avoiding more severe living conditions. Some other species can live in low oxic habitats (e.g., Diz and Francés, 2008; Bernhard and Sen Gupta, 1999; Rathburn and Corliss, 1994) . Thus, depressed oxygen levels in the sediments below the surface may not affect many foraminifera in this system.
Is a high concentration of heavy metals disturbing the foraminifers of Ria de Aveiro? LPI values based on As, Cd, Cr, Cu, Ni, Pb and Zn concentrations (obtained by TDS) allowed the identification of three main areas with higher heavy metal concentration: Laranjo Bay (Murtosa Channel), Aveiro Town and Aveiro Harbours. In general, the highest concentrations occur in protected areas and in muddy sediments, where concentrations of Al essentially associated with the occurrence of phyllosilicates are higher.
The water is, in general, renewed in most of the lagoon due to semidiurnal tides. According to Dias et al. (2001) , the particle residence time is less than 2 days at the central area of the lagoon, at the beginning of the Mira and Ílhavo channels, and extending to almost half of the S. et al., 2006) . Hence, the total mean estimated freshwater input is very small (2.5%), when compared to the mean tidal prism at the mouth (approximately 70 x 10 6 m 3 ). This also explains the lagoon vertical homogeneity, as described by Dias et al. (1999) , and the general aeration of the water. However, the sediment-water interface is a site of intense heterotrophic activity where nutrients are generally percolated into the sediment and diffused out to the water column (Cunha et al., 1999) . Aerobic respiration in coastal sediments is limited by oxygen penetration due to the resistance of the diffusive boundary layer to the flux of O 2 (Yørgensen and Revsberg, 1985) . The penetration varies with the composition of the sediment. In areas where muddy sediments are deposited, oxygen penetration is restricted to a few millimetres despite the supernatant water being oxygenated. Foraminifera, as a group, are the most tolerant organisms to low oxygen concentrations; however, these conditions are not favourable, in general. Only some species, such as Ammonia beccarii, E. excavatum, Q. seminulum, Eggerelloides scaber, B.ordinaria, Stainforthia fusiformis, Buliminella subfusiformis var. tenuata and N. stella , can stand very depressed levels of oxygen and even periodic anoxia (Bernhard and Sen Gupta, 1999) . In areas where the sediments are poorly oxygenated, foraminifera fauna would probably live only on the sedimentary surface or in the first few millimetres below the surface, avoiding the anoxic or poorly oxygenated sediment levels (Diz and Francés, 2008) . Thus, the low correlation between foraminifera of Ria de Aveiro may be explained by the different ecological niches that this group can occupy. Some species are epifaunal, inhabiting the surface of the sediments, in elevated positions, or attached to ob- Jacinto and Espinheiro channels. But in some regions particles hardly escape when released into the flood, and, in a few places, none escaped (e.g., the far end of the Mira Channel and the dendritic channels close to Varela in the northern area of the lagoon). Thus, the areas where the particle residence time is higher and where cohesive sediments are deposited can act as sinks of anthropogenic pollutants. The impact driven by urbanization and industrialization, as well as the consequent increased geochemical forcing in this system, tend to be clearer in parts where muddy sediments are deposited, under low hydrodynamic conditions. Canonical analysis highlighted that higher concentrations of toxic elements (determined by TDS) are adverse factors for benthic foraminifera of Ria de Aveiro. But also lead us to think that species such as H. germanica and A. tepida should tolerate higher level of stress caused by these pollutants. A. tepida has been considered one of the most tolerant species to high heavy metal concentration and is used as a bio-indicator of pollution of anthropized marine sediments (Ferraro et al., 2006) . H. germanica was also considered a bio-indicator of pollution by metals (Frontalini et al., 2011; Romano et al., 2008) and of pollution by metals and hydrocarbons (Armynot du Châtelet et al., 2004) .
However, canonical analysis results also suggest that agglutinated foraminifera and miliolids are more tolerant to high concentrations of Pb. Agglutinated foraminifera reach higher abundance near the lagoon mouth where spots of Pb pollution caused by fuel used for navigation were found. In this area, species such as L. ochracea, T. concava, R. helgolandica, S. gonzalezi and T. haynesi are very common. These species were frequently found adhered to sand particles and are probably able to track the movement of sediments under active current activity. Thus, they may not be too affected by high concentrations of Pb in this area, where the sediment mobility should be strong. Miliolids, represented mostly by Q. seminulum, are common near the Ria mouth, but also in some Aveiro channels, more specifically, in two areas with distinct hydrodynamic characteristics, where higher Pb concentrations were found.
We tried to confirm these results studying the correlation between total bioavailable concentration of the selected elements (obtained by SCE) and the most abundant living species/groups of benthic foraminifera in most of the 17 samples. Geochemical results revealed that most of the concentration of As, Cd, Cu, Ni, Pb and Zn is retained in the mineralogical resistant phase. However, in the most contaminated areas, such as Laranjo Bay (Murtosa Channel), Aveiro Town and Aveiro Harbours, a high total bioavailable concentration of As, Cd, Cu, Ni, Pb and Zn was found. In Espinheiro Channel, an area with relatively low LPI values, significant bioavailable concentrations of heavy metals were also found. should be more resistant to higher bioavailable concentrations of heavy metals than bolivinids, buliminids and agglutinated foraminifera, for example. However, a differential sensitivity to pollutants may exist among the different species/groups of species of foraminifera. Our results suggest that, contrary to the opinion of Rao and Rao (1979) , miliolids in Ria de Aveiro, represented mostly by Q. seminulum, may be more tolerant to higher bioavailable concentrations of Cu and Pb than A. tepida, H. germanica and Elphidium spp.
Conclusion
LPI values can be used as a first approach to identify polluted areas. Measurement of the sedimentary total concentrations of toxic elements is useful as a general index of contamination, but may provide inadequate or little information about their availability, mobility or toxicity for the living beings. Most of the elemental concentrations are retained in the mineralogical resistant phase, i.e., they don't affect the biota. Results presented in this work show that SCE analyses are important to evaluate the real degree of sediment contamination and their influence on benthic organisms, namely on benthic foraminifera. Areas with relatively low concentrations of heavy metals can have relatively high concentrations of bioavailable toxic elements.
Thus, the identification of the most tolerant species can change, if we consider the sedimentary total concentrations of toxic elements or the bioavailable concentrations of heavy metals (SCE). Foraminifera are generally affected by high element concentrations, but some species may have differential sensitivities. A. tepida, H. germanica and Elphidium spp. may be more tolerant to high bioavailable concentrations of toxic elements than, for instance, bolivinids and buliminids. However, Q. seminulum may be more tolerant to pollution caused by higher bioavailable concentrations of Pb and Cu than A. tepida, H. germanica and Elphidium spp.
Sequential chemical extraction may provide a more correct evaluation of pollution degree by heavy metals.
